We demonstrate inkjet-printed transparent Zn, Sn co-doped In 2 O 3 (IZTO) films using nanosized IZTO ink as a transparent electrode for liquid crystal (LC) devices. By adjusting the IZTO droplet pitch and line pitch, we can produce directly patterned IZTO electrodes without using a conventional photolithography process. Effective connections between IZTO nanoparticles created by a rapid thermal annealing process resulted in a sheet resistance of ∼200 /square and an optical transmittance of 89.45%, which is acceptable for LC cell fabrication. Stable and reliable electro-optical performance of the twisted nematic LC cells fabricated on the inkjet-printed IZTO films indicates that a directly patterned IZTO film formed by inkjet printing is a promising option for creating printable transparent electrodes for cost-efficient LC cells.
Introduction
Inkjet-printing processes have attracted considerable attention as a next-generation device fabrication technique, due to highly efficient material usage and direct and precise patterning with a resolution of 20-30 µm in an atmospheric process [1] [2] [3] . Rapid advances in nanoink materials and inkjet printing technologies applicable to electronics make the reduction of device fabrication costs by reducing consumption of materials and process steps feasible. Inkjet printing also offers scalability for large-area electronics. For this reason, inkjet printing has been extensively investigated for various 4 Author to whom any correspondence should be addressed. optoelectronic fabrication applications, such as colour filter for liquid crystal displays (LCDs), organic light-emitting diodes, organic and inorganic thin-film transistors, photovoltaics, radio frequency identification antennas and printable circuit boards as a direct patterning method can substitute for a traditional photolithography process [4] [5] [6] [7] [8] [9] [10] [11] . Although direct inkjet printing of colour filters for LCDs with the aim of reducing fabrication costs has been reported well, research on printable transparent conducting oxides (TCO) for LCDs is still deficient due to the absence of high-quality nano TCO inks and inkjet-process technologies. To ensure that LCDs continue to be widely used, their performance should be consistently improved and manufacturing costs should be reduced [12] . From this viewpoint, inkjet-printable TCO films are a critical technology for the production of cost-efficient LCDs. Until now, inkjet printable TCOs have only been applied to organic photovoltaics for use in transparent electrodes, even though it has a fairly high resistivity of 10 −2 -10
cm [13, 14] . However, the organic photovoltaics or organic light-emitting diodes manufactured using inkjet-printed TCOs showed poor performance because the current extraction or injection is critically dependent on the sheet resistance of the transparent electrodes. Due to the voltage-driven operation of LCDs, the LC cell is a desirable application for inkjet-printable TCO electrodes with a relatively high sheet resistance.
In this paper, we describe the fabrication of inkjetprinted Zn, Sn co-doped In 2 O 3 (IZTO) electrodes using nanosized IZTO particle ink for use in LC cells. Using optimized inkjet-printed IZTO electrodes with a sheet resistance of 200 /square and optical transmittance of 81%, we successfully fabricated twisted nematic (TN) LC cells on inkjet-printed IZTO electrodes. We also confirmed the stability and reliability of the fabricated cells by measuring the voltage-transmittance (V -T ) characteristic and the voltage holding ratio (VHR). The observed electro-optical (EO) performances of the TNLC cells incorporating inkjet-printed IZTO electrodes were comparable to those of the cells with conventionally sputtered IZTO electrodes.
Experimental details
IZTO ink for inkjet printing was formulated by dispersing IZTO nanoparticles with an average size of 20-40 nm in ethanol, as shown in figure 1. Both 5 wt% Zn and 5 wt% Sn-doped In 2 O 3 (IZTO) nanoparticles were dissolved in an ethanol solution to make IZTO nanoink. As a surfactant and dispersing agent, 3% silane was added to the solvent of the IZTO nanoink. The picture in figure 1 shows the IZTO nanoink for inkjet printing. The IZTO solute concentration in the ink was maintained at 30 wt%. The ink droplets ejected from the inkjet nozzle were printed onto glass substrates. The IZTO nanoink was passed through a 450 nm PTFE syringe filter in order to remove agglomerated IZTO particles and other impurities in the IZTO ink. The transmission electron microscope (TEM) image of the IZTO nanoparticles in figure 2 showed that the diameter of the IZTO nanoparticles was approximately 25 nm ± 10 nm with strong spots in the transmission electron diffraction (TED) pattern, indicating crystalline IZTO nanoparticles with a bixbyite structure similar to conventional ITO. In addition, the TEM image shows that the shape and size of the IZTO nanoparticles in the IZTO nanoink are not uniform. However, the size of the IZTO nanoparticles is enough to be ejected through the 19 µm wide orifice of the nozzle. In order to ensure uniform printing, the glass substrates were carefully cleaned with isopropanol, acetone and methanol, and substantially dipped in the boiled isopropanol solvent. An inkjet printing unit (Omni-200, Unijet) was employed to prepare the printable IZTO electrodes. The inkjet head used in the experiment was equipped with 16 nozzles with an orifice size of 19 µm (SEMJET, Samsung). The voltage applied to the piezo-electric nozzle was precisely controlled in order to secure stable ink droplets without producing any non-directional satellite drops from the nozzle. the aqueous IZTO solution onto the glass substrate, the IZTO films were annealed using rapid thermal annealing (RTA) at 700
• C under vacuum (∼10 −3 Torr) for 10 min. Figure 3 (b) shows the directly patterned and annealed lion symbol and insignia of Kyung Hee University using IZTO nanoink. The sheet resistance and resistivity of the inkjet-printed IZTO films were measured using Hall measurements (HL5500PC, Accent Optical Technology) at room temperature. In addition, the optical transmittance of the electrode was measured in the wavelength range 300-800 nm by means of a UV/visible spectrometer (Agilent 8453). The structural properties of the inkjet-printed IZTO electrodes and IZTO nanoparticles were investigated by HRTEM examination. To investigate the feasibility of inkjet-printed IZTO films for use in transparent electrodes for LCDs, TNLC cells were fabricated on the inkjetprinted IZTO electrodes. The empty cells with our inkjetprinted IZTO electrodes and polyimide (PI) alignment layers (SE7492, Nissan Chem.) for the purpose of homogeneous orientation were manufactured in a 90
• TN configuration, where a cell gap of 5 µm was maintained by ball spacers. The empty cells were then filled with a commercialized nematic LC mixture (ZKC-5097LA, JNC) with positive anisotropy. As a reference sample, we also fabricated a TNLC cell using dcsputtered IZTO electrodes under identical conditions as the TNLC cells made with the inkjet-printable IZTO. To compare the LC performance fabricated on inkjet-printed IZTO and dcsputtered IZTO electrodes, we prepared the reference IZTO electrode fabricated under optimized dc sputtering conditions.
Results and discussion
Figure 4(a) shows the schematic inkjet-printing process as a function of ink-droplet pitches to optimize the IZTO ink droplet pitches. Since IZTO electrode formation using inkjet printing is accomplished by merging the inkjet-patterned lines, a uniform line is a prerequisite to the formation of uniform electrodes. By inkjet-printing the IZTO as a function of inkjet droplet pitch, we can optimize uniformly patterned IZTO lines. Figure 4(b) shows the optical microscope images of the inkjetpatterned IZTO lines at various ink-droplet pitches. It was shown that a decrease in droplet pitches from 100 to 70 µm led to transition of pattern shape from unconnected island to wellconnected lines. Stringer's model was introduced to determine the printing parameters for uniform IZTO line patterning. This model describes the shape of the inkjet-printed line in terms of the ink spreading ratio (β), ink-droplet pitch (P ) and contact angle (θ) as described by equation (1) [14, 15] . The spreading ratio is defined as β = D/D 0 where D 0 is the diameter of the ejected ink droplet from the nozzle and D is the diameter of the ink droplet ejected onto the substrate.
where w/βD 0 is the dimensionless width of the inkjet-printed line depending on the ink-droplet pitch (P ). Since the width of the inkjet-printed line cannot be smaller than the size of the inkdroplet (D) on the substrate (w/βD 0 = 1), the maximum inkdroplet pitch (P max ) for uniform line printing can be predicted using equation (2) .
For our IZTO ink, P max was calculated to be 96.5 µm. Since we determined that uniform IZTO lines could be printed at pitches of less than P max (96.5 µm), we selected an inkdroplet pitch of 55 µm, which resulted in a line width of 130 µm. In order to print IZTO films, the line-to-line pitch was modulated from 100 to 30 µm. Since there was no difference other than film thickness among the films printed at various line-to-line pitches, we chose a line-to-line pitch of 50 µm to produce a film thickness of 1.5 µm. By overlapping the inkjet-printed lines, we can make an area-patterned IZTO electrode for LC cells. After inkjet-printing with the IZTO nanoink, RTA was performed at 700
• C for 10 min to connect the IZTO nanoparticles and increase the mobility of the carrier. The annealed IZTO film shows a sheet resistance of ∼200 /square, which is comparable to inkjet-printed ITO films [13] . Table 1 summarizes the electrical properties of asprinted and 700
• C annealed IZTO films for use in LCDs as an electrode. The sheet resistance and resistivity of the asprinted IZTO electrode could not be measured, even though it had a high transparency of 86.84%. However, RTA under vacuum conditions led to a decrease in the resistivity of the inkjet-printed IZTO electrodes. These values fall in the range of sheet resistance and resistivity acceptable in the fabrication of LCDs. Figure 5 (a) shows the picture of the as-printed and 700
• C annealed inkjet-printed IZTO electrodes. Both inkjetprinted IZTO samples showed a similar colour and optical transparency in spite of the RTA process. Due to richness of indium element in the IZTO films, the samples showed a yellowish colour regardless of the RTA process. Figure 5(b) exhibits the optical transmittance of the as-printed and 700
• C annealed inkjet-printed IZTO films. The optical transparency of the as-printed IZTO film was 86.84% in the visible wavelength region between 380 and 700 nm. RTA of the inkjet-printed IZTO electrodes slightly improved their optical transmittance. The IZTO electrode annealed at 700
• C showed slightly improved average optical transmittance of 89.45%. It is believed that the optical transmittance of the inkjetprinted IZTO film is not sensitive to the RTA process under vacuum conditions (∼10 −3 Torr) as expected from the sample picture in figure 5(a) . For comparison, we also measured the optical transmittance of the dc-sputtered IZTO films before and after annealing to compare their optical properties. Both asdeposited and annealed IZTO films prepared by dc sputtering also showed a similar optical transmittance. However, both asprinted and annealed inkjet-printed IZTO films showed much higher optical transmittance in the wavelength region above 500 nm than the dc-sputtered IZTO films [16] .
We used HRTEM examination to investigate the effects of RTA on the structural and electrical properties of the inkjet-printed IZTO films. Figure 6 shows the HREM images obtained from the as-printed and 700
• C annealed IZTO electrodes. As expected from the unmeasured sheet resistance of the as-printed IZTO film, the as-printed IZTO electrode consisted of physically connected or isolated IZTO nanoparticles ( figure 6(a) ). Although the IZTO nanoparticles showed a polycrystalline structure, the discontinuous IZTO nanoparticles do not provide a path for carrier conduction. Because the inkjet-printed IZTO nanoparticles just physically contacted or isolated, the carrier could be severely scattered at the surface of the isolated IZTO nanoparticles or boundaries between physically connected IZTO nanoparticles. The enlarged image shows the physically overlapped or contacted IZTO nanoparticles. In spite of high crystallinity of the IZTO nanoparticle itself, the as-printed IZTO film showed high sheet resistance due to these isolated or unconnected IZTO nanoparticles. However, the HRTEM image of the 700
• C annealed IZTO electrode in figure 6(b) showed well-connected IZTO nanoparticles, which permit enhanced conductivity of the IZTO film. Although there is some porous region in the annealed IZTO films, the IZTO nanoparticles were sintered and connected after the 700
• C RTA process. Due to the sintering of the inkjet-printed IZTO nanoparticles, the size of the nanoparticles increased from 25±10 nm to 50±5 nm. The significantly reduced sheet resistance of the annealed IZTO film could be attributed to the improved connectivity of the inkjet-printed IZTO nanoparticles. The enlarged HRTEM image shows that the IZTO nanoparticles connected well after the 700
• C RTA process without physically contacted or overlapped area. Figure 7 (a) is a schematic diagram showing the fabrication procedure of the LCD on inkjet-printed IZTO electrodes. After direct patterning of the IZTO film on a glass substrate using inkjet printing, the PI alignment layer was coated on the IZTO electrode. After rubbing of the PI alignment layer, the LC was injected between the rubbed PI/IZTO/glass substrates, as shown in figure 7(a) . Figure 7(b) shows the pictures of the areapatterned IZTO electrode and turn on/off pictures of the LCD cell with inkjet-printed IZTO electrodes. Due to overlapping of the inkjet-printed IZTO lines, the turn-on/off pictures of LCD show the inkjet-printed lines. Figure 8 shows the V -T characteristics of the TNLC cells fabricated on the inkjet-printed IZTO and dc-sputtered IZTO electrodes. The polarized optical microscopy (POM) textures corresponding to the electric field are shown in the inset. The normally white state represents a well-aligned TN cell with crossed polarizer geometry. According to the applied voltage, the textures were gradually darkened, and finally became completely black. Namely, the EO operation had analogue greyscale capability with a high contrast ratio of more than around 500 : 1 between the dark and white states. Unfortunately, our TNLC cell incorporating inkjet-printed IZTO exhibited a slightly high saturation voltage compared with the TNLC cell made with conventionally sputtered IZTO electrodes due to the rough surface morphology caused by line printing. Also, this rough surface inhibits the effective applying voltage. However, this demerit can be overcome by improving the surface roughness of the inkjet-printed IZTO electrodes. The observed V -T curve of the LCD with inkjet-printed IZTO electrode exhibited stable and reliable characteristics. Figure 9 (a) shows the result of VHR measurements of our 90
• TN cell incorporating inkjet-printed IZTO electrodes. Figure 9 (b) exhibits the VHR as a function of temperature with the inset showing the structure of the LC cell. This characteristic was measured using a VHR measurement system (Toyo 6254, Toyo Co.) The data line used in the VHR measurement of this work was a 5 V square-wave signal with a frame time of 16.7 ms. The pulse width of the scan line was 15.6 µs at 60 Hz. The obtained VHR of our 90
• TN cell was above 98% irrespective of temperature. This VHR characteristic of the LCD with the inkjet-printed IZTO electrode is also almost the same as that of a typical 90
• TN cell with dc-sputtered IZTO electrodes. So far, studies have confirmed that the EO performances of TNLC cells incorporating inkjet-printed IZTO electrodes can be maintained at a constant level for at least 6 months.
Conclusions
In summary, we demonstrated the manufacture of inkjetprinted IZTO electrodes with a low sheet resistance of ∼200 /square and a high optical transparency of 89.45%. By ink-jetting the nanosized IZTO particles onto the glass substrate followed by an RTA process under vacuum conditions (∼10 −3 Torr), we were able to produce a directly patterned IZTO electrode, which exhibited high performance. We then successfully fabricated TNLC cells incorporating the inkjet-printed IZTO electrodes. We confirmed the stability and reliability of the fabricated cells by measuring the V -T characteristic and the VHR. The observed EO performances of the TNLC cells fabricated in this work were comparable to those of cells with conventionally sputtered IZTO electrodes.
